Abstract A double indicator dilution technique for determining the mean cross-sectional area (CSA) of a blood vessel in vivo is presented. Analogous to the thermodilution method, dilution of hypertonic saline was measured by an electrical conductance technique. Because the change in conductance rather than absolute conductance was used to calculate CSA, pulsatile changes in shear rate of blood and conductance of surrounding tissues had no effect on the data. To calculate CSA from an ion mass balance, cardiac output was needed and estimated from the thermodilution curve using the same "cold" (hypertonic) saline injection. The mean CSA, obtained from this double indicator dilution method (CSA GD), was compared with the CSA obtained from the intravascular ultrasound method (IVUS) in 44 paired observations in six piglets. The regression line is close to the line of identity (CSAGD = -1.83 + 1.06 -CSAivus, r = 0.96). The difference between both CSAs was independent of the diameter of the vessel, on average -0.99 mm 2 + 2.64 mm2 (mean CSAGD = 46.84 ± 8.21 mm 2 , mean CSA,vus = 47.82 ± 9.08 mm 2) and not significant. The results show that the double indicator dilution method is a reliable technique for estimating the CSA of blood vessels in vivo.
Introduction
Several methods for determining the cross-sectional (CSA) area of blood vessels are available. Mechanical devices include a strain-gauge caliper [15] , a device which moves a metal core in a coil to change the inductance of the coil [18] , and ultrasonic distance crystals [5, 7, 11, 13, 18, 19, [24] [25] [26] . They have the disadvantage of introducing a restraint on the vessel wall. Devices which do not affect the vessel wall are a photoelectrical apparatus, used only in vitro [21] , X-ray angiography [2, 6, 14, 16, 22] , intravascular ultrasound (IVUS) [29, 30] and ultrasound wall-tracking techniques [8] . Angiography, IVUS and ultrasound walltracking techniques are expensive and the first two require labour-intensive analyses. Ultrasound walltracking techniques determine only the diameter of a blood vessel, instead of the whole cross-section. Furthermore, the angle of the ultrasound beam should be 90° to determine the diameter of a blood vessel.
We have developed a new method for determining the mean CSA of a blood vessel without affecting the vessel wall. The method presents CSA on-line and thus does not require labour-intensive, off-line analyses and is relatively inexpensive. The CSA obtained using the double indicator dilution method ("cold" and ions), was compared with the CSA obtained using IVUS.
Materials and methods
Ion mass balance for calculation of mean CSA If a hypertonic saline solution is injected upstream, a change in conductance is detected downstream in the blood circulation (dilution of ions). The conductivity balance is based on the assumption that the amount of ions conducting an electrical current is the same at the injection and detection site. The injectate (at room temperature) is heated by the blood after injection, increasing the conductivity of the injectate. The conductivity of the injectate is thus corrected for blood temperature. Assuming complete mixing of indicator and blood, the following conductivity balance can be written: (1) where t is time; t, the time of injection, tz the end of the integration period when all injected ions have passed the detector site, Q, the input flow of the injectate, v ; the electrical conductivity of the injectate at blood temperature, a b the conductivity of the blood before injection, Aa5 the change in conductivity of the blood due to the injection of the hypertonic saline and Qb the mean blood flow at the position where CSA is determined. If the injection is fast and Qh(t) is constant the equation can be rewritten as: (2) where Qi is the volume of the injectate. The change in conductivity of blood (Aab) could not be determined directly in these experiments, instead conductance (G) was determined at the site where CSA is determined using a conductance catheter [3] . The conductance catheter is constructed with four electrodes equidistantly (5 mm) placed at its distal end. An alternating current of 70 µA (RMS) and 20 kHz is applied to the two outer electrodes (model Sigma 5, Leycom, Cardiodynamics, Rijnsburg, The Netherlands). The induced voltage between the two inner electrodes is measured. An offset is caused by the conductance of the surrounding tissues, which is called parallel conductance (G p) [3] . The time-varying conductance (G1,1) measured by the conductance catheter is related to the time-varying cross-sectional area [CSA GD (t)] by the relationship:
where L is the distance between the electrodes. If the mean G, over each heart cycle is constant during the injection of the hypertonic saline, the change in conductivity can be rewritten as:
Substituting Aah(t) in Eq. 2 gives:
If measured at steady-state conditions, as during an inspiratory pause procedure (IPP), CSA averaged over a heart cycle will not change. An IPP is a procedure in which a tidal volume is inflated and held in the lungs for several seconds, followed by an expiration [28] . During the IPP, arterial pressure and left ventricular output remain constant from 1-2 s after the start of the pause period. Furthermore, in previous work (unpublished data, L. Komet, J.R.C. Jansen, E.J. Gussenhoven, M.R. Hardeman, A. Versprille) we found no influence of injectate on vessel volume. Therefore, mean CSA during a heart cycle will remain constant after an injection of indicator given during the IPP, and Eq. 5 can be rewritten as:
In our experiments a b is a factor of 25 lower than a i (NaCl injectate = 3M) and can be neglected, giving:
We injected cold hypertonic saline into the right atrium and determined the CSA in the thoracic aorta. The assumption that the amount of injected ions equals the amount of detected ions is incorrect, because a part of the injected solution might have entered open side-branches such as the branchiocephalic trunk and the left subclavian and carotid arteries. By "open" we mean that the flow of the side-branch does not re-enter the main branch upstream from the site where the CSA is determined. If complete mixing of indicator with blood occurs, the amount of injected ions (Qi • ai) will be distributed in each branch in proportion to flow [31] . Thus, the amount of ions passing the detection site should be multiplied by the flow at the detection site (Qb) divided by the total cardiac output before branching (QT), giving:
Equation 8 can be rewritten as:
These equations imply that the fraction of cardiac output and the fraction of injected ions passing the detection site are equal. Conductance, determined after injection of the (cold) hypertonic saline, was averaged for each heart cycle and plotted versus time.
A baseline was drawn from the start (t 1 ) to the end of the dilution curve (t2). The area under the baseline was subtracted from the area under the total dilution curve to obtain the area under the dilution curve [I AG(t)], which is corrected for accumulation of salt in the vessel wall and recirculation. L, Q, and ai are known. QT is determined using the thermodilution method, which is based on the law of conservation of thermal energy [9, 23, 31] . Therefore, the change in temperature is processed after injection of a known amount of cold hypertonic saline, which is the same injection as used to induce a change in conductance. For practical reasons we determined cardiac output in the pulmonary artery. It would also be possible to determine the temperature signal in the thoracic aorta, because the change in temperature of the blood, due to the injectation of the cold injectate, will be equal before and after branching.
Intravascular ultrasound
To evaluate the determination of CSAs with the use of the dilution signals of conductance and temperature, the results were compared with those of intravascular ultrasound (IVUS) (DuMed, Rotterdam, The Netherlands). This method is based on a 32 MHz single-element transducer mounted on the tip of a flexible driveshaft, which rotates inside a 5F catheter. Cross-sectional images with 512.512 pixels and 256 grey levels were scanned at a speed of 25 images/s. Axial resolution of the system was better than 0.1 mm and the maximum scan depth was 9 mm. CSAs with a diameter larger than 9 mm were excluded, because the IVUS catheter was positioned against the vessel-wall, as visualised by the method itself and radiographic imaging. Blood pressure and time were displayed simultaneously on a video screen. Ultrasound images were analysed off-line for free lumen-area determination using a computerized analytical system [29, 30] .
Surgical procedures and ventilatory conditions
All experiments were performed in accordance with the Guide for Care Six piglets (5-7 weeks old, 9.3 ± 0.9 kg body weight) were anaesthetized with an intraperitoneal injection of pentobarbitone sodium (30 mg•kg -1 bodyweight). The animals were placed in a supine position on a thermo-controlled operating table to maintain body temperature at about 38.5 °C. Anaesthesia was maintained by a continuous infusion of pentobarbitone sodium (8.5 mg-h -l.kg -1 ) via an ear vein. Electrocardiogram (ECG) electrodes were placed on the right leg and on the chest of the pig near the xyphoid cartilage. After tracheostomy, the pigs were connected to a volumecontrolled ventilator [10] and ventilated with ambient air against a positive end-expiratory pressure of 2 cm H 2 0. The ventilatory frequency was 10 breaths\min. Tidal volume was adjusted to a Paco, of 38-45 mmHg during baseline.
A conductance catheter was inserted through the carotid artery into the descending thoracic aorta to detect the saline conductance dilution curve. The lumen of the conductance catheter was used for measuring arterial pressure and sampling blood. From the opposite direction, an ultrasound imaging catheter was inserted through the femoral artery. The distal ends of both catheters were situated close to each other under radiographic guidance. We thus regarded both catheters to be measuring the same CSA. Through the external jugular vein a Swan-Ganz catheter (5F) was inserted to detect the temperature dilution curve and pressure within the pulmonary artery. In addition, a four-lumen catheter was inserted through the jugular vein into the superior vena cava to measure central venous pressure and to infuse anaesthetic and pancuronium. A third catheter was inserted through the jugular vein into the atrium to inject the cold hypertonic saline.
To avoid clotting, the three pressure catheters were continuously flushed at a flow rate of 3 ml • h-' with saline (0.9% NaCI), containing 10 IU/ml heparin. A catheter was placed into the bladder to prevent retention of urine. After surgery, pancuronium bromide (0.3 mg • h -' • kg -', after a loading dose of 0.2 mg • kg -') was infused to suppress spontaneous breathing. The pentobarbitone sodium infusion was switched from the ear vein to the superior vena cava. The surgical procedures were followed by a stabilization period of about 30 min. 
Results
The relationship between the intravascular CSA determined with the double indicator dilution method, CSAGD, and with IVUS CSA,vus, are presented for six piglets (n = 44) in Fig. IA . The regression line is close to the line of identity (CSA GD _ -1.83 + 1.06 • CSAivus), r = 0.96. In a Bland-Altman scatter diagram [1] , the differences between the two CSAs were plotted against the mean CSAs obtained using both methods (Fig. 1 B) . The difference was independent of the diameter of the vessel. The difference was on average -0.99 mm2 ± 2.64 mm2, (mean CSAGD = 46.84 ± 8.21 mm2, mean CSA,vus = 47.82 ± 9.08 mm 2) and not significant.
Discussion
A new, cheap, simple and non-labour intensive method for determining the mean CSA of the thoracic aorta on-line was evaluated. This double indicator dilution method presumably can also be used to determine CSAs of other arteries in vivo.
Arterial pressure is routinely determined in patients undergoing intensive care, cardio-thoracic surgery or catheterization for diagnostic reasons. In the patients, undergoing catheterization for diagnostic reasons, a pressure catheter is normally present in the aorta. During intensive care and cardio-thoracic surgery, arterial pressure is determined in both the pulmonary and femoral or radial arteries, using a pulmonary arterial catheter (PAC) and a radial or femoral arterial catheter respectively. These catheters and the aortic catheter can be equipped easily with four electrodes to determine the dilution of ions. The dilution of temperature can be determined with use of a thermistor, which also can be mounted at the tip of an aortic, radial or femoral catheter and is routinely mounted at the tip of the PAC. The cold hypertonic saline can be injected into the right atrium, using the injection lumen of the PAC. In our experience with such a catheter the pulmonary artery can be catheterized. Determination of arterial CSA in these patients can be used to monitor the effect of drug therapy on CSA and compliance in the operating room, without the need for expensive and labour intensive ultrasound methods. Furthermore, obstructions and aneurysms can possibly be detected by moving the catheter in the longitudinal direction through the vessel.
Parameters influencing conductance
Prior to this study, electrical conductance has not been used to determine the volume of a large blood vessel as has been done for the ventricular volume [3] , because of a pulsatile flow and thus pulsatile change in shear rate in blood vessels. A pulsatile shear rate will cause a pulsatile orientation and deformation of erythrocytes which, in turn, will cause a pulsatile change in blood conductivity [17] . In the ventricle, non-uni directional flow causes no unidirectional orientation and deformation of erythrocytes. To determine the CSA (i.e. segmental volume) of a blood vessel using the conductance signal, the conductivity has to be corrected continuously for shear rate, heart rate and the time constants of (de)orientation, (de)formation and (de)aggregation of the erythrocytes. In the present study, the problem of pulsatile changes in the conductivity of blood is eliminated by the use of the double indicator dilution method which does not employ the absolute conductivity of blood but rather the change in blood conductivity, and thus the change in conductance, after the injection of cold hypertonic saline, to determine CSA. During passage of the salt ions as a dilution curve, the amount of erythrocytes and their behaviour did not change. Thus, the change in conductance was not affected by shear rate.
The effect of the cold injectate on conductivity of blood by changing blood temperature could be neglected. A fall in blood temperature from 38.5 to 38 °C at a haematocrit of 30%, due to the injection of a cold solution, will decrease blood conductivity only 0.3%.
The quantity of total injected salt in our piglets was about 400 mg/kg, which was below that used therapeutically in case of a hypovolaemic shock [12, 27] and must therefore be considered harmless. We did not observe any negative effects on haemodynamic conditions. In medical practice we expect that the amount of injected salt ions related to body weight will be lower than in these experiments, because cardiac output per body weight is lower and series of IPPs will not be necessary.
Evaluation of the double indicator dilution method
With the IVUS the CSA is determined at one position in a vessel, whereas with the double indicator dilution method a mean CSA between the measuring electrodes is determined. We assume that this difference causes a very small bias in the results [4] , because both probes were located close to each other in the descending aorta. It should be noted that the difference between the IVUS and the double indicator dilution method may be related to the error caused by inter-observer variation of the IVUS. The intra-observer variation of the IVUS [30] could be neglected, because one data point was the mean of more than 100 images, measured during passage of the dilution curve. The difference between the CSAs obtained with the double indicator dilution method and the IVUS was not significant. Based on our results we conclude that the double indicator dilution method is a reliable technique for estimating CSA in blood vessels.
